We present the rst imaging circular polarimetry of the Orion Molecular Cloud, OMC-1. The observations, taken in the J , H , K n and nbL bands, reveal a complex pattern of circular polarisation. Globally, there is a background circular polarisation of the order of 2 percent in the K n band, conforming to the typical quadrupolar patterns that have been observed in other out ow sources. Overlaying this pattern are regions of relatively high degrees of circular polarisation to the east and west of the source, IRc2, with degrees as high as +17 percent in the K n band, the highest circular polarisation yet measured for any young stellar object. No circular polarisation is seen in the J band indicating that the circular polarisation detected at longer wavelengths originates from within OMC-1 and not from scattering o the foreground ionisation front associated with the M42 nebula.
INTRODUCTION
The Orion Molecular Cloud, OMC-1, has been studied using the technique of polarimetry quite extensively at most wavelengths (Gonatas et al. 1990; Minchin et al. 1991; Aitken et al. 1997, for example) . In the main, these studies have con ned themselves to linear polarimetry with hardly any circular polarimetry conducted at all. Those observations ? e-mail address : a.chrysostomou@star.herts.ac.uk attempted were aperture based and towards either point sources or eld stars (Lonsdale et al. 1980) . In these studies, the circular polarisation was interpreted in terms of radiation passing through a medium of aligned grains where the alignment direction is not constant.
It is also possible to produce circular polarisation by scattering mechanisms. Single scattering of unpolarised light o spherical grains will not produce any circular polarisation. However, if that same scattering occurs for polarised radiation it is possible to induce signi cant amounts of circ 1999 RAS cular polarisation, depending on the grain material (chie y, the absorptive component of the refractive index), scattering angles and incident linear polarisation.
As a rule of thumb, the degrees of linear and circular polarisation work in opposing senses for scattering o spherical grains, i.e. small grains produce high degrees of linear polarisation and only very small degrees of circular polarisation, and vice-versa. Indeed, at the Rayleigh limit for small grains, it is not possible to produce any circular polarisation while the linear polarisation can be at its maximum of 100 percent for a 90 scatter (Shafter & Jura 1980) . Clearly, measurement of circular polarisation is important in the study of stellar environments, especially where out ow phenomena are present as it makes it possible to probe the morphology and structure of the inner and highly obscured central regions, where photons are initially polarised, as well as the composition of the grains which form part of the basic material of the accreting matter.
The measurement of circular polarisation is inherently di cult in regions where linear polarisation is high, such as in re ection nebulae, due to the di culty of separating the linearly and circularly polarised components of the radiation. Recently we have been able to overcome this difculty, to obtain the rst images of circular polarisation from extended sources (Gledhill et al. 1996; Chrysostomou et al. 1997a ). These observations, of the low mass pre-main sequence sources Chamaeleon Infrared Nebula and GSS30, provided the discovery of signi cant degrees of circular polarisation in bipolar re ection nebulae. The interpretation of these results required photons to be rapidly polarised near the source before escaping into the out ow cavity, thus invoking the need of a dusty envelope close to the inner source.
The data presented in this paper represent the rst imaging circular polarimetry of OMC-1, a high mass star forming region. The results obtained show a stark contrast to the low mass sources, with degrees of circular polarisation an order of magnitude greater. In the following sections, we describe how the circular polarimetry data were obtained, then present the results and compare them with other complimentary data sets. Most existing models have thus far only considered scattering from spherical grains. Here, we apply a model which calculates scattering o aligned aspherical grains (Gledhill & McCall 2000) to analyse our results. Finally, we discuss the implications of these results on the cloud morphology and brie y comment on their signi cance to the origins of life.
OBSERVATIONS 2.1 AAT Observations
Circular polarimetric observations of OMC-1, in the J, H and Kn bands, were obtained on the night of 20 November 1996 at the 3.9-m Anglo-Australian Telescope (AAT), Siding Spring, Australia. The facility infrared imager-spectrometer, IRIS, was used at the f/15 telescope focus using instrument optics which provided a 0.6 arcsec pixel scale.
Polarimetry with IRIS is obtained with the infrared polarimetry module IRISPOL, built and designed by the University of Hertfordshire, placed upstream of IRIS while a cold MgF2 Wollaston prism within the instrument splits the incoming radiation into the orthogonally polarised extraordinary (e-) and ordinary (o-) beams. This acts as the polarimetric analyser. A focal plane mask within the cryostat masks o half of the eld to enable the e-and o-beams to be projected onto the array with minimum overlap. This effectively reduces the eld of view to two strips of 75 20 arcsec, separated by 20 arcsec.
The OMC-1 data were centred on the BN object ( = 5 h 35 m 14.12 s , = -5 22 0 22.9 00 , J2000 { Menten & Reid (1995) ), using a 4-point east-west jitter pattern at each eld position. A map of the region was obtained by o setting the telescope by 15 arcsec in declination from each eld position.
Exposure times were 2 seconds with 30 coadds per waveplate position in the Kn and H bands, and 6 seconds with 10 coadds in the J band. The Kn lter is optimised to reduced the thermal background at the long wavelength end, and the e ect of water vapour at the short end of the lter passband (2.0 { 2.3 m ). The BN object was saturated in the Kn lter.
UKIRT observations
Circular polarimetric observations of OMC-1 through a 1 percent lter at 3.6 m (the nbL lter) were obtained on the night of 29 January 1998 at the 3.8m United Kingdom Infrared Telescope (UKIRT) on the summit of Mauna Kea, Hawaii. The facility infrared camera, IRCAM3, was used at the f/36 cassegrain focus. The pixel scale of the camera was 0.28 arcsec per pixel.
UKIRT's polarimetry module, IRPOL2 (similarly designed and built at the University of Hertfordshire), operates in an almost identical manner to IRISPOL at the AAT. Inside IRCAM3 there is a cold Lithium Niobate (LiNbO4) Wollaston prism. The focal plane mask is exterior to the dewar, i.e. it is warm. The eld of view through each aperture of the mask is similar to IRISPOL.
Observations of OMC-1 were secured by performing a 3-point east-west jitter pattern at each position of the telescope and waveplate. The eld was mapped by observing at four positions, each separated by 10 arcsec, in declination. The integration time was constructed from 100 coadds of 0.15 seconds exposure.
Circular polarimetry { data acquisition and reduction
Light is, in general, elliptically polarised and any transmission of the linear component by the instrument can be spuriously measured as circular polarisation. This problem is counteracted by continuously rotating a /2 retarder above a stepped /4 retarder. This e ectively cancels the linear component over a single integration given that, (i) the exposure time is an integer number of the /2 retarder rotation period and, (ii) the /2 retarder rotation period is small with respect to the total integration time. The rejection factor of the linearly polarised component is as high as 2000. Circular polarimetry requires observations at two angular positions of the achromatic /4 retarder, separated by 90 and set to give the maximum modulation of the V Stokes parameter. This is how observations were collected with IRISPOL at the AAT.
An alternative method for measuring circular polarimetry can be used when the angular positions of maximum modulation of the V vector are not known for the retarder. This is to rotate the /4 retarder to 4 set positions : 0 , 90 , 45 and 135 . This method was employed at UKIRT for what was then a new L band, zero-order /4 retarder.
The e ciency for measuring circular polarisation with both instruments is estimated to be at least 95 percent and perhaps higher (Chrysostomou et al. 1997a , for further details).
Stokes parameters can be calculated by use of the following expression : Standard data reduction techniques were employed to produce at elded and sky subtracted images, the at elds constructed from a median lter of sky images obtained during the night. y Subsequent to these observations, the angles for maximum modulation of the V Stokes parameter were determined to be 38 and 128 . This 7 di erence results in a reduced e ciency of 4% which is not signi cant for our results.
RESULTS

The data
In Figure 1 , Kn band imaging circular polarimetry of OMC-1 is presented, overlaid with intensity contours { the lowest contour approximately delineates the out ow cavity which is better traced by the H2 emission (Allen & Burton 1993, for example) . The circular polarisation is plotted between -5 and +10 percent, where the signs correspond to left-and right-handed circular polarisation, respectively, as viewed by the observer (i.e. clockwise and anti-clockwise).
The circular polarisation is quite extensive across the OMC-1 region. Areas of negative circular polarisation exist to the north and south of the region while to the east and west there are large areas of positive circular polarisation. Together, these regions form the typical`quadrupo- lar' pattern recently observed in low-mass out ow sources (Gledhill et al. 1996; Chrysostomou et al. 1997a) , and is predicted by Monte Carlo scattering models (Fischer, Henning & Yorke 1996) . This pattern is made clear in Figure  4 which shows Figure 1 plotted so that white regions represent areas with positive circular polarisation while black regions are negative circular polarisation. This pattern naturally arises due to the rotation of the scattering plane with respect to a central polarised source (Shafter & Jura 1980) .
Together with this general pattern are regions of high circular polarisation. To the south-east of BN the degree of circular polarisation peaks at +17 percent, in a region which is coincident with strong re ection nebulosity (Werner, Capps & Dinnerstein 1983; Minchin et al. 1991) which is highly linearly polarised (Minchin et al. 1991 , 40 percent in the K band). This region, rst referred to as SEBN by Aitken et al. (1985) , corresponds to the highest degrees of circular polarisation in OMC-1, or for any YSO yet observed.
There is a more widespread area to the south-west of OMC-1 whose peak polarisation is of the order of +12 percent. Also, at approximately 10 arcsec east and 30 arcsec north of BN is a relatively small region polarised at approximately -5 percent. A small` nger' of emission at 10 arcsec west and 13 arcsec south of BN is also quite distinct in the image. This feature does not appear in 10 m maps (Aitken et al. 1997; Gezari, Backman & Werner 1998) and is not associated with any H2 emission from the OMC-1 out ow (Stolovy et al. 1998; Chrysostomou et al. 1997b ) but it is a region of relatively strong polarisation (Minchin et al. 1991 , and this work).
In Figure 2 , the corresponding H band image is presented with overlaying intensity contours. The circular polarisation is plotted between -2 percent and +5 percent. The same basic features that are present in the Kn band are also present in the H band, including the regions of high circular polarisation, although they are not as highly polarised. Figure 3 shows a J band image of only a small portion of the region, centred 8 arcsec south of BN, running east-west across SEBN. No circular polarisation is detected here at this waveband. This conforms with the conclusions of Minchin et al. (1991) who showed, from their imaging linear polarimetry of OMC-1, that the radiation in the J band originates from the foreground Hii region only, the extinction being too great to view the OMC-1 region at this wavelength. Importantly, this lends weight to our assertion that the circular polarisation detected in the H and Kn bands do not originate from the foreground Hii region, but are intrinsic to the OMC-1 region, although some foreground c 1999 RAS, MNRAS 000, 1{14 contamination due to unpolarised light from the Hii region cannot be ruled out.
We have constructed several software apertures across di erent parts of our data and measured the H{Kn wavelength dependence as well as the mean and maximum H and Kn circular polarisations within those apertures. The positions of the apertures are shown in Figure 5 and the results given in Table 1 .
There is a clear wavelength dependence in the degrees of circular polarisation; the H band polarisation being in general 2{3 times lower than the Kn band. The near uniformity of this wavelength dependence suggests that the grain material must also be uniform in composition across the nebula. Sector D, corresponding to the` nger' of polarisation referred to above, seems to present an anomaly to this trend with a much steeper wavelength dependence. Its linear polarimetry indicates that it is de nitely associated with the OMC-1 cloud, being illuminated by IRc2. However, the steep wavelength dependence of circular polarisation suggests that it is an isolated region whose grain properties may di er from the rest of the cloud. Examination of the polarisation data of Minchin et al. (1991) shows that linear polarisation is also lower at this position in the H band. Thus, it is more likely that this steeper wavelength dependence is due to extinction e ects. Figure 6 shows results of the nbL circular polarimetry obtained at UKIRT. The scattered ux in the thermal regime rapidly decreases with distance from the OMC-1 core, necessarily minimising the extent of the nbL band map. It was thus not possible to search for circular polarisation as far north as the region of negative circular polarisation which is seen in the H and Kn bands and low signal-to-noise prevented the detection of any circular polarisation in the region approximately 20 arcsec south-west of BN, which is extensively polarised at shorter wavelengths.
The top panel of Figure 6 gives the circular polarisation in the mapped region while the bottom panel gives the corresponding intensity distribution. Regions of low intensity, and thus low signal-to-noise ratio, have been masked from the circular polarisation image. The background`quadrupolar' pattern of circular polarisation has disappeared into the noise. The only feature which clearly remains is the patch of high circular polarisation associated with SEBN, with an average circular polarisation of the order of +9 percent. Circular polarisation has also been detected towards the small nger' region located at (10W, 15S) from BN (sector D in Figure 5) 3.2 Comparison with other data Figure 7 compares Kn band circular polarimetry presented here with a recent linear polarimetry image of OMC-1, taken with the 1.3m ISAS telescope in Japan (Geng 1993) . The ISAS data have been re-binned and re-scaled to exactly match our data from the AAT. What is immediately clear is that there is a distinct correlation between regions of high circular and linear polarisations. The spatial extent of these regions are also closely matched.
It is interesting to note that the well known`red ridge' which is a highly linearly polarised north-east extension associated with BN (Minchin et al. 1991) , nds no counter- Aitken et al. (1985) .
part feature in circular polarimetry z . This may indicate that the circular polarisation that is measured is dominated by scattering processes within the OMC-1 region and not associated with the BN object, implying that either the nature of the grains di er in the two environments, or, that the polarising mechanisms di er { for example, single scattering of unpolarised light producing relatively high linear polarisation with no corresponding circular polarisation. Alz This fact further demonstrates that the high circular polarisation that is measured is not contamination from high linear polarisation Figure 6 . Narrow L band (nbL) imaging circular polarimetry of the OMC-1 region. The top panel shows the polarimetry scaled between -1 % (black) and +5% (white). The data has had low signal-to-noise data masked out. The bottom panel shows the corresponding intensity distribution. O sets are West from the BN object.
ternatively, the quadrupolar pattern of circular polarisation suggests that there are position angles for which no circular polarisation can be produced (whereas linear polarisation is present for every angle) and the`red ridge' could be at such an angle relative to its source of illumination. BN itself is polarised, that polarisation arising due to dichroic absorption of radiation by a medium of aligned grains in the line of sight (Aitken et al. 1985; . Lonsdale et al. (1980) measured the circular polarisation of BN within a 10 arcsec aperture in the K band to be +1.56 0.18 percent. BN is saturated in our Kn band images, however, our H band measurement of +2.52 0.05 percent in a 6 arcsec software aperture is consistent with this picture and with model predictions (Lee & Draine 1985) . Table 2 presents a summary of near infrared polarimetry measurements for SEBN. The data are taken from Minchin et al. (1991) and from this work. We have chosen the SEBN region as it is a well studied and documented region within OMC-1, and also has the highest degrees of cir- Figure 1 overlayed with contours of the corresponding linear polarisation as observed from the 1.3m ISAS telescope in Japan (Geng 1993) . Note the distinct correlation between high degrees of linear and circular polarisation. A departure from this correlation is seen with the so-called`red ridge' extending north-east from BN as well as a small nger seen approximately 13 arcsec to the south of BN. These regions exhibit high linear polarisation without a correspondingly high circular polarisation component.
cular polarisation detected at all wavelengths studied in this work (apart from the J band). This latter point probably indicates a very simple scattering geometry, thus simplifying any modelling. If the whole region were to be considered, the scattering geometry would be very complex due to the many and varied physical processes occuring within the OMC-1 cloud and associated out ow.
Although the degrees of linear polarisation of SEBN continue to increase with wavelength into the nbL band, the circular polarisation ceases to increase any further beyond the Kn band. We note that the error on the nbL band circular polarimetry is arti cially higher than it should be. This is because, for SEBN, the nbL band polarimetry becomes clumpy, increasing the scatter of the V Stokes parameter within the 3 00 3 00 software aperture. The increased clumpiness of SEBN at this wavelength is probably due to a combination of the increased spatial resolution of IRCAM3 over IRIS, and because longer wavelength scattered radiation is more sensitive to dense clumps than at shorter wavelengths.
The ellipticity, expressed as the ratio of circular to linear polarisation, is also calculated. This parameter is important as it is independent of any contaminating dilution e ects which may be present as unpolarised light in the passbands (e.g. from the foreground Hii region or intense molecular or atomic line emission) which have the e ect of decreasing the degree of polarisation. This means that the ellipticity can be used with high con dence to constrain the scatter- Minchin et al. (1991) , measured within a 3 00 3 00 aperture. b measured within a 3 00 3 00 aperture. Figure 8 . Schematic representation of coordinate axes used in the scattering model. XYZ represents the coordinate system for the photon, where the XZ plane (shaded region) is the scattering plane. The coordinate system of the grain is given by xyz, where z is the symmetry axis of the grain. This grain can be aligned at any angle relative to the scattering plane by its right hand rotation about the Z and y axes, given by and , respectively. ing and polarisation mechanisms. This is investigated in the following section of the paper.
MODELLING 4.1 Brief description of the model
The model used here is that developed by Gledhill & McCall (in preparation) , in which they investigate the scattering of light o elongated and aligned grains. The basic input parameters of the model are the axis ratio (a=b), the Stokes vector of the incoming radiation (to cater for scattering both polarised and unpolarised radiation), its wavelength, the minimum and maximum grain size of a distribution (de ned by a power-law index , where n(a) / a ? ), the refractive index of the grain material and the direction of grain alignment relative to the scattering plane. It is implicitly assumed in this model that the alignment e ciency is 100 percent (i.e. the grains are perfectly aligned).
The results are calculated by averaging the four Stokes intensities over a range of scattering angles, from 68 through to 112 . This range of angles was determined by measuring the angluar extent that SEBN subtends in gure 1 as viewed from the position of IRc2 and assuming that Table 3 shows the size distributions and materials considered in our modelling. The grain compositions were chosen from Lucas & Roche (1998) and Li & Greenberg (1997) and were assumed to be wavelength independent. In fact, there is a relatively small wavelength dependence (Li & Greenberg 1997 ) but this was ignored as it made little impact on our results and did not a ect our conclusions.
The magnetic eld and grain alignment directions
The magnetic eld towards OMC-1 has recently been measured at millimetre, sub-millimetre and infrared wavelengths (Rao et al. 1998; Schleuning 1998; Aitken et al. 1997; Chrysostomou et al. 1994 ). The mid-infrared and millimetre studies of Aitken et al. and Rao et al. were not extensive enough to cover the SEBN region. The sub-millimetre and near-infrared work of Schleuning and Chrysostomou et al. covered a larger area in OMC-1 and imply that the eld direction is of the order of 120 . We take this as the value of the magnetic eld direction at the position of SEBN. Figure 8 provides a graphical description of the scattering geometry de ned in the model. The grain can be aligned by applying two right handed rotation transformations to it; one de ned to be about the Z axis (in the scattering plane) and the other about the y axis (in the grains' symmetry plane). To align the grain to 120 , these two rotations are given by = 90 and = 120 . A crucial assumption which is made to simplify the calculations is that the scattering plane does not change relative to the grain's symmetry axis.
Model results
Scattering o aligned grains
Silicates must form a component of the grain composition due to its direct spectroscopic detection in OMC-1 (Aitken et al. 1985) . The polarisation spectrum of the silicate 9.7 m absorption feature, obtained by Aitken et al., was modelled by Lee & Draine (1985) and Hildebrand & Dragovan (1995) , who also studied similar silicate data of AFGL2591 (Aitken et al. 1988) , in an attempt to determine the shape of the absorbing material. Both authors promote oblate (a=b < 1) rather than prolate (a=b > 1) grains, albeit with some disagreement on the axis ratio { Lee & Draine favouring a value of a=b 0.5 while Hildebrand & Dragovan prefer 2 3 . We note that this work is based on observations along the line of sight to BN, i.e. it is an`average' of the material local to BN and through the OMC-1 cloud. Our observations of the SEBN region represent a localised region in the cloud (although the scattered radiation still needs to pass through the OMC-1 cloud) and there is no reason to believe that the grain shape will remain constant across the cloud. We ran models for both values of a=b for all grain materials and size distributions given in Table 3 . In all cases, better results were obtained with an axis ratio of 0.5 and these are presented here. Figure 9 shows ellipticity results of scattering unpolarised radiation o aligned silicate grains. A range of indices between = 2 { 5 were used for the power law describing the grain size distribution. Modelling the ellipticity in this way, although powerful, is not su cient as the degrees of linear and circular polarisation must also be satis ed. This means that the model polarisation must be equal to or greater than the observed values, as dilution by unpolarised light can only decrease the polarisation.
Organic refractory grains produced better results than amorphous carbon grains { the wavelength dependence of the ellipticity being too at for the latter material. Figure   10 shows results for the Large and Medium-2 populations for organic refractory grains.
The results indicate that larger grain models provide better ts to the data than small grain models, which completely fail to match the data. This suggests that the grains in the OMC-1 molecular cloud are signi cantly larger than are typically found in the interstellar medium (Rouan & L eger 1984) . Furthermore, the results show that a largely absorptive grain material, such as carbon, is ruled out.
At this point, it is important to stress that the results shown in Figures 9 and 10 represent the upper limit where the grain alignment e ciency in the scattering cloud is 100 percent. The alignment e ciency is probably much less than this { Hildebrand & Dragovan (1995) have estimated the Rayleigh reduction factor (the parameter describing grain alignment e ciency), in the line of sight to the BN object, to be 0.25. In a model where aligned and randomly oriented grains co-exist, a number of photons will scatter from the randomly aligned population which will not carry any net circular polarisation, but will still be similarly linearly polarised to those photons scattered from the aligned grain population (Gledhill & McCall, in preparation) . This has the net e ect of diluting the circular polarisation relative to the linear and thus decreasing the ellipticity.
The consequence to our model results is that the curves in Figures 9 and 10 will slide downward such that the best ts to the data will occur for models with 3.
Scattering o spherical grains
Spherical particles can also be simulated by setting the axis ratio to unity. In this case, it is only possible to produce circular polarisation by scattering already polarised radiation. Shafter & Jura (1980) discuss the e ciency for conversion of linear polarisation to circular polarisation and nd that carbonaceous grains, with a signi cant absorptive component to the refractive index, have the highest e ciency for linear-to-circular conversion. Nevertheless, the conversion efciencies never approach values greater than 0.5 for the size distribution Shafter & Jura considered. Figure 11 shows model results for scattering 50 percent linearly polarised radiation. As predicted by the models of Shafter & Jura, silicate grains were not able to produce high enough circular polarisation to satisfy the results. Thus, only results for the more absorptive Organic Refractory and Amorphous Carbon grains are shown.
The closest match to the data were provided by the similarly sized Medium-1 and Medium-2 distributions. An exercise to check whether the results were variant with input linear polarisation was also conducted by scattering 30 percent linearly polarised radiation. The results showed that the linear polarisation is largely invariant whereas the circular polarisation is very dependent on the incident polarisation. Using the Medium-1 grain distribution and Amorphous carbon grains, the best tting model changed from a power-law index of = 5 to = 3.
However, the problem that this model faces compared to the aligned grains model is that the output linear polarisations (and the circular polarisation to some extent) are very high. A large amount of dilution would be required to bring the degrees of linear polarisation down to meet those observed. For instance, at 3.6 m (where any dilution at the position towards SEBN would be at its minimum) the model linear polarisation is typically 70-80 percent. To get to 50 percent linear polarisation, we would require the polarised radiation to be diluted by 40-60 percent. It is not clear where this amount of unpolarised radiation would originate. The SEBN area may be associated with a clump of very hot dust, but this is not evident from recent mid-infrared imaging of the BN/KL region which shows cold color temperatures associated with the SEBN area (Gezari, Backman & Werner 1998) .
It would be possible to reconcile this problem if a wider range of scattering angles were used. This could only occur, however, if the SEBN area is in fact elongated by a factor of 2 or more along the line of sight. Thus, as a caveat, we conclude that while we nd the aligned grain scattering model attractive it is not certain at this stage that it represents the nal solution to the immediate problem.
DISCUSSION 5.1 The cloud morphology
We now discuss the implications of these polarimetry (linear and circular) results to the morphology of the OMC-1 cloud. It has already been demonstrated that there are two aspects to the polarimetry from OMC-1 { regions with high polarisation and regions with low polarisation.
Regions with low polarisation
Regions with relatively low degrees of polarisation (plinear 5% and pcircular 2% in the K band) pervade the bulk of the OMC-1 region. The circular polarisation exhibits a quadrupolar pattern of alternating sign centred about the vicinity of IRc2 and BN (see Fig. 4 ), a pattern which can be readily generated from polarised source and Monte Carlo models (Gledhill et al. 1996; Fischer, Henning & Yorke 1996; Chrysostomou et al. 1997a) . Light from the central source is scattered a number of times (most probably in an accretion disk or disk envelope) before escaping into the out ow from where it is then scattered towards us. The cavity walls of the out ow constitute hot material which have recently been disturbed by the passage of shocks which are clearly seen in H2 images of OMC-1 (Allen & Burton 1993; Schild, Miller & Tennyson 1997; Stolovy et al. 1998) . It is not expected that, in this environment, grains would retain any previous alignment they may have had. Hence the scattering in the out ow regions will be o randomly oriented particles.
The fact that the linear polarisation in the K band is only 5 percent is in support of this, as we expect to achieve much higher degrees of linear polarisation from spherical particles (Mie scattering) at this wavelength (Clark & McCall 1997) .
Put simply, we can understand the pervading pattern of linear and circular polarisation in the context of a bipolar out ow and a polarised source, scattering radiation o randomly oriented grains.
Regions with high polarisation
Regions with higher degrees of circular polarisation are generally associated with high degrees of linear polarisation in OMC-1 (see Fig. 7 ). Our modelling of the ellipticity of polarisation suggests that the origin of this polarisation is scattering o aligned grains. To reconcile this with our conclusions regarding regions with low polarisation, we must have those regions with high polarisation be material which is physically separate from the out ow, but nearby. Thus, the grains would not have had their alignment disturbed by the out ow.
It is therefore necessary that these regions enjoy direct views of the illuminating source. Evidence in support of this has recently been provided in two independent studies (and we believe our data form a third):
(i) The rst detection of the H2 v=8-6 O(5) line in Orion was recently reported (Schild, Miller & Tennyson 1997 , see their Figure 6 ) which showed it to be spatially coincident with SEBN. The excitation energy for this line is 40,000 K, a temperature at which H2 would not normally survive. Thus, its detection means that either the H2 is excited by UV photons from an illuminating source which has a direct view of SEBN, or that the H2 v=8-6 O(5) photons are formed much closer to the illuminating source and are then scattered to us o SEBN. Either way, a direct view of the IRc2 region by SEBN is required.
(ii) Morino et al (1998) detected 2 m absorption features of CO v= 2 bandheads, as well as neutral Nai and Cai, at the positon of SEBN, thus claiming that they had measured the re ected spectrum of the IRc2 region. By direct implication from the arguments above, we also infer that the other regions of high linear and circular polarisation also see a direct view of the illuminating source. Unfortunately, Morino et al. (1998) did not observe in other parts of the nebula, and the image of Schild et al. (1997) did not go deep enough to detect the weak H2 v=8-6 O(5) line in any other region apart from the immediate vicinity of BN. Since the excitation of this line is dependent on UV ux, the extinction to the more distant regions with high polarisation may be too large.
At rst sight, this morphological model may not be very appealing and we should attempt to explain our observations in some other way. We have shown that the high degrees of circular and linear polarisation must be due to scattering o aligned grains. The modelling of SEBN required the use of a narrow range of scattering angles. Scattering across the out ow region would occur over a relatively large range of scattering angles (due to the large opening angle of the bipolar out ow cavities (Minchin et al. 1991) ), thus serving to average the resultant degrees of polarisation to lower values. However, if we still insist that the grains in the out ow (cavity walls) are not aligned, then this presents a problem as we know that scattering polarised radiation o non-aligned spherical grains do not satisfy the SEBN measurements.
Taking this into consideration, it seems that the model requiring two separate scattering regions (scattering o randomly oriented grains in the out ow and o aligned grains in isolated regions around OMC-1) is the preferred one.
Relation to the Orion \bullets"
The spatial distribution of regions with high polarisation is mainly to the south-west and south-east of the source. If these regions are exposed directly to the illuminating source, as we suggest, then there must be a physical mechanism operating which is able to open up such routes for the photons. We propose the Orion \bullets" (Taylor et al. 1984; Allen & Burton 1993 ) as a possibility.
Recent dramatic images from NICMOS on the HST have shown that there is a cluster of bullets which are escaping from the core of OMC-1 (Stolovy et al. 1998; Schultz et al. 1999) which have the potential of having recently opened up gaps in the thick circumstellar material about IRc2.
Implications for the origins of life
The observations presented here have recently been used to help explain the chirality of organic molecules found on earth and thus provide an insight into the origins of life (Bailey et al. 1998) . The homochirality of biological molecules (the use of only left handed (L-) amino acids and only right handed (D-) sugars) has long been known to be an important characteristic of life and yet its origins remain a mystery (Bonner 1991). The recent discovery of an excess of L-amino acids in the Murchison meteorite (Cronnin & Pizzarello 1997) has fueled speculation that homochirality is extraterrestrial in origin.
One possible physical mechanism which can introduce an asymmetry in the chiral balance of molecular structures is UV photolysis by circularly polarised light. The asymmetry of the two chiral forms presents itself as an energy difference in the absorption bands. Circularly polarised light, since it has the same type of asymmetry as chiral molecules, can therefore distinguish between left-and right-handed molecules in its interactions. So, circularly polarised UV radiation can be selectively absorbed by one type of chiral molecule (circular dichroism) and thus destroy it { asymmetric photolysis (Shibata et al. 1998 ).
If, as described in section 5.1, the regions with high circular polarisation are directly viewing the illuminating source, then this provides an avenue by which UV light can escape the heavily embedded con nes of the circumstellar disk. In fact, the detection of the H2 v=8-6 O(5) line by Schild et al. (1997) may be indicating that UV radiation is escaping at least as far as the SEBN region ( 20 arcsec or 9,000 AU assuming a distance of 450 pc to Orion (Genzel & Stutzki 1989) ).
In conclusion, our discovery of high degrees of circular polarisation in OMC-1 provides a plausible hypothesis which states that the chiral asymmetry of molecules is introduced in the pre-solar nebula and are then delivered to the surface of the planet during the`heavy bombardment' phase after planet formation.
CONCLUSIONS
We have presented the rst imaging circular polarimetry of OMC-1, measured in the J, H, Kn and nbL bands. The data show a complex polarisation pattern, with high degrees of circular polarisation present in isolated regions superimposed onto a quadrupolar pattern of low polarisation ( 1-2 percent). To this date, our detection of 17 percent circular polarisation in the Kn band is the highest circular polarisation measured for any YSO.
The spatial correlation of high linear and circular polarisation is demonstrated, indicating a common mechanism for the two. We separate the polarisation structure into two distinct components { a high polarisation component and a low polarisation component.
(i) The low polarisation component pervades the whole region with a circular polarisation of the order of 2 percent in the Kn band. It exhibits a quadrupolar pattern of alternating sign of circular polarisation about the source, IRc2. This pattern has been previously observed in other young stellar objects with out ows and can be explained in the context of a polarised source model and scattering o non-aligned aspherical grains (i.e. multiple scattering).
(ii) We ascribe the regions of high polarisation as scattering of unpolarised radiation o aligned, oblate grains. A model for scattering o aligned grains, developed by Gledhill & McCall (in preparation) , is used to model the ellipticity of the polarisation (the ratio of circular to linear polarisation) from the bright and highly polarised SEBN region (Aitken et al. 1985) . The results indicate that the grains are composed of silicate and/or organic refractory material, and that they need to be signi cantly larger than grains typically found in the ISM.
To self-consistently explain these components in OMC-1, we have put forward a morphological model which requires that the regions producing high polarisation scatter radiation viewed directly from the central source and are separate, but near to, the main body of the out ow region. The high polarisation is produced by the scattering of unpolarised radiation o elongated and aligned grains. Regions with low polarisation are produced by the scattering occuring o (and within) the out ow cavities. The very low degrees of linear polarisation measured in the out ow regions argues for randomly oriented ellipsoids for the scattering grains as spherical particles would produce signi cantly higher degrees of linear polarisation. This allows us to have the same grain properties throughout the OMC-1 cloud with the grains in the out ow cavities having had their alignment destroyed by the passage of shocks, whereas those grains associated with high degrees of polarisation have remained undisturbed.
The results presented here bear an important signicance on theories of the origins of life. The requirements we have imposed on the cloud morphology { the presence of regions nearby to and with a direct view of the illuminating source { represents the ideal morphology required by Bailey et al. (1998) to explain how circularly polarised UV radiation can penetrate into a molecular cloud and thus directly in uence the chiral symmetry of organic molecules in the parent cloud. This material then goes on to form stars, planets and (perhaps) life.
Our ability to obtain information on the source morphology, structure as well as the physical parameters of the constituent grains, clearly demonstrates the diagnostic power available when linear and circular polarimetry is obtained with a broad wavelength baseline.
